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Feces are enriched with microRNAs (miRNAs) that shape the
gut microbiota. These miRNAs are differentially expressed in
the feces of healthy and diseased subjects. However, whether
fecal miRNAs in subjects with inflammatory bowel diseases
are involved in regulatingmicrobiota composition and whether
they have any beneficial effects remains unknown. Here, we
studied the fecal microbiome composition and miRNA abun-
dance in mice with dextran sulfate sodium (DSS)-induced coli-
tis and mice at the recovery phase to explore different miRNAs
expressed, their relations with microbial abundance, and their
effects on colitis. We found that miR-142a-3p expression was
significantly increased in the feces of mice recovered from coli-
tis and that it could alleviate disease symptoms in mice treated
with DSS in a microbiome-dependent manner. Specifically,
miR-142a-3p promoted the growth of Lactobacillus reuteri,
which had a high abundance in the feces of mice recovered
from colitis, by regulating transcripts of polA and locus tag
LREU_RS03575. Moreover, L. reuteri, as well as its metabolite
reuterin, could alleviate DSS-induced disease symptoms. These
results highlight the role of fecal miR-142a-3p in the preven-
tion of colitis. We propose that the feces of subjects who have
recovered from diseases might be enriched with miRNAs
with preventive effects against those diseases.

INTRODUCTION
Inflammatory bowel disease (IBD) is a clinically important, chronic
inflammatory disorder of the gastrointestinal tract. IBD is highly
prevalent in Europe and North America, and its incidence has
been rising in developing countries in recent times.1 Although the
pathogenesis of IBD is still poorly understood, increasing evidence
suggests that microbiota and their derived metabolites play a key
role in the development of this disease, based on the results from
several animal models.2–4 Genetically susceptible mice under
germ-free conditions do not develop colitis.5 whereas healthy mice
developed inflammation after transplantation of microbiota from
mice with colitis.6,7 Moreover, colonization of mice with intestinal
microbiota from diseased mice exacerbates colitis.8 However,
although it is commonly considered that the bidirectional host-
microbiome interactions play key roles in the pathogenesis of
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IBD, the related mechanisms remain to be uncovered. Conse-
quently, it is important to explore the mechanisms by which the
host modulates the microbiome.

MicroRNAs (miRNAs) are noncoding RNAs that are approximately
22 nucleotides long. Traditionally, miRNAs are produced as precur-
sor miRNAs in the nucleus, which are then processed to generate
mature miRNAs that become functional in the cytoplasm.9 However,
miRNAs have also been found extracellularly in the body fluids in
recent years.10 Importantly, a recent study found that gut miRNAs ex-
ists in feces and can regulate the gut microbiome.11 Surprisingly, the
feces of multiple sclerosis patients are enriched with miRNAs that
exert therapeutic effects via a miRNA-microbiome axis.12 However,
whether miRNAs in the feces of subjects with IBD or of subjects
recovered from the disease had preventive or therapeutic properties,
and the mechanisms by whichmiRNAs regulate the development and
pathogenesis of IBD, remains unknown.

Therefore, we developed a widely acceptable animal model of IBD via
administration of dextran sulfate sodium (DSS) in mice. Then, we
studied the gut microbiome and miRNAs in mice with DSS-induced
colitis and in well-recovered mice to explore different miRNAs ex-
pressed and their relations with microbial abundance, as well as their
effects on colitis. We found that miR-142a-3p expression was signif-
icantly increased in the feces of mice recovered from colitis and that it
could alleviate disease symptoms in mice treated with DSS via regu-
lating Lactobacillus reuteri. Specifically, miR-142a-3p could promote
the growth of L. reuteri by targeting transcripts of polA and locus tag
an Society of Gene and Cell Therapy.
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Figure 1. Changes in fecal microbiota composition during DSS-induced colitis and the recovery phase

(A) Schematic design. (B) Body weight during the experiment (one-way ANOVA). (C) Disease activity index after DSS treatment and at recovery phase (one-tailed t test). (D–F)

Microbiome analyses based on bacterial 16S rDNA sequence were performed. (D) Principal coordinates analysis (PCoA) based on weighted UniFrac distance. (E) Relative

abundance of bacteria classified at a phylum-level taxonomy. (F) Relative abundance of bacteria classified at a species-level taxonomy. Values are mean ± SEM, n = 7.

*p < 0.05. Abbreviations: Day 0, naive mice before treated with DSS; Day 5, mice treated with DSS for 5 consecutive days; Day 12, mice treated with DSS-free water for

another 7 days after DSS treatment.
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LREU_RS03575. Our results suggest that fecal miR-142a-3p plays key
roles in the alleviation of colitis. We propose that the feces of subjects
who have recovered from diseases might be enriched with miRNAs
with preventive effects against those diseases.

RESULTS
Changes in fecal microbiota composition during DSS-induced

colitis and the recovery phase

Initially, the mice were treated with 2.5% DSS in the drinking water
for 5 days. Then, all the mice were provided DSS-free drinking water
for the following days. On day 12, 38.5% of mice (20 of 52) whose
body weight returned to the same level as on day 0 (the change of
body weight was less than 1.0 g) and exhibited a disease activity index
(DAI) of 0 or 1.00 were used as “well-recovered”mice. We found that
their body weight was significantly decreased on day 5 (Figures 1A
and 1B). Moreover, these mice showed an average DAI of 4.55 on
day 5 (Figure 1C). These results suggested that the mice were experi-
encing acute colitis on day 5.
We then investigated the intestinal microbial alteration via 16S rDNA
sequencing of feces collected from well-recovered mice on days 0, 5,
and 12 of the treatment regimen (Figure 1A). Although no significant
difference was observed in the alpha diversity (Figures S1A and S1B),
the analysis of the microbial beta-diversity metric using the principal
coordinates analysis (PCoA) based on weighted UniFrac distance re-
vealed that the overall microbial structure in mice feces on day 5 was
segregated away from the microbial structure in mice feces on day
0 and day 12 (Figure 1D). Additionally, no significant beta-diversity
differences were observed using unweighted UniFrac distance among
the feces collected from mice on days 0, 5, and 12 of the treatment
regimen, since they were not separated into distinct clusters
(Figure S1C).

To identify the specific intestinal microbes that were influenced by
DSS treatment, we compared the relative abundance of the intes-
tinal microbial species identified in the feces of well-recovered
mice collected on days 0, 5, and 12. DSS decreased the abundance
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Figure 2. Oral transfer of feces and fecal RNA from recovered mice prevents DSS-induced colitis

(A) Schematic design. (B–D) The effects of the transfer of feces from different stages (day 0, day 5, and day 12) of DSS-induced colitis mice on colitis in recipient mice. (B) Body

weight change. (C) Disease activity index. (D) Representative colons. (E). Representative colonic morphology. Abbreviations: FMT Day 0, FMT Day 5, and FMT Day 12, mice

were transplanted with feces collected from well-recovered mice on days 0, 5, and 12 of the treatment regimen. (F–I) The effects of oral administration of fecal RNA on colitis.

(F) Body weight change. (G) Disease activity index. (H) Representative colons. (I) Representative colonic morphology. Abbreviations: FRNAT Day 0, FRNATDay 5, and FRNAT

Day 12, mice were transplanted with RNA extracted from feces collected from well-recovered mice on days 0, 5, and 12 of the treatment regimen. Data were analyzed with

one-way ANOVA. Values are mean ± SEM, n = 6. *p < 0.05.
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of Bacteroidetes, while increasing that of Firmicutes at the phylum
level (Figure 1E); however, the abundance of Bacteroidetes and
Firmicutes recovered on day 12. Additionally, our results show
that the relative abundance of Romboutsia ilealis was increased,
whereas that of Lactobacillus johnsonii was decreased in mice on
day 5 compared with the abundance in mice on day 0 of the treat-
ment regimen (Figure 1F). Notably, the relative abundance of
L. reuteri and L. johnsonii in mice on day 12 was significantly
increased compared to that in mice on day 0 and day 5. We further
analyzed the changes in the abundance of L. reuteri via fecal
microbe quantification using qPCR, and the results showed that
390 Molecular Therapy Vol. 30 No 1 January 2022
its abundance was significantly higher on days 12 and 20 than
that on days 0, 5, and 7 (Figure S1D).

Oral transfer of feces and fecal RNA from recovered mice

prevents DSS-induced colitis

To explore whether the gut microbiome from mice recovered from
DSS-induced colitis had any effect on DSS-induced colitis, we trans-
planted feces obtained from those well-recovered mice on days 0, 5,
and 12 (Figure 2A). The results showed that the transfer of feces
from mice obtained on day 12, but not on day 0 and day 5, alleviated
body weight loss (Figure 2B), decreased the DAI (Figure 2C), and
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prevented the colon from swelling and bleeding (Figures 2D and 2E)
in DSS-treated mice.

To investigate whether live bacteria in well-recovered mice were
responsible for these effects, we heat-inactivated feces obtained
from mice on days 0, 5, and 12 and then transplanted them. The re-
sults showed that only heat-inactivated feces obtained from mice on
day 12 alleviated body weight loss and decreased the DAI (Figure S2).
These results suggested that live bacteria are not indispensable for the
alleviation of colitis.

It is suggested that miRNAs are heat resistant,13 and miRNAs could
prevent DSS-induced colitis in mice.14 Consequently, to further
explore whether fecal miRNAs were responsible for these effects,
RNAs were purified from feces obtained from well-recovered mice
on days 0, 5, and 12 of the treatment regimen. The results showed
that RNA purified from the feces of mice obtained on day 12, but
not on day 0 and day 5, alleviated body weight loss (Figure 2F),
decreased the DAI (Figure 2G), and prevented the colon from
swelling and bleeding (Figures 2H and 2I) in DSS-treated mice. These
results suggested that RNA in feces may play a crucial role in allevi-
ation of DSS-induced colitis.

Identification of differentially expressed fecal miRNA during

DSS-induced colitis and the recovery phase

Previous studies have shown that DSS-induced colitis results in altered
fecal miRNA profiles.11 To further identify which fecal miRNAs were
affected during DSS-induced colitis and the recovery phase, we per-
formed small RNA sequencing in feces obtained from well-recovered
mice on days 0, 5, and 12 of the treatment regimen. The results showed
that the levels of thirteen miRNAs were increased and those of five
miRNAs were decreased in feces obtained frommice on day 12 relative
to those in the feces of mice on day 0 of the treatment (Figure 3A),
whereas the levels of five miRNAs were increased and those of four
miRNAs were decreased in feces obtained frommice on day 12 relative
to those in the feces of mice on day 5 of the treatment regimen (Fig-
ure 3B). Among these changes, the levels of four miRNAs (miR-
142a-3p, miR-223-5p, miR-142b, and miR-146b-5p) were increased,
and those of two miRNAs (miR-215-3p and miR-148a-3p) were
decreased in feces obtained frommice on day 12 (compared with feces
obtained frommice ondays 0 or 5 of the treatment regimen; Figure 3C).
Then, we confirmed the increase in the levels of those four miRNAs in
the feces of recoveredmice by qPCR (Figures 3D–3G). Additionally, we
found that miR-142a-3p expression on day 20 was the same as that on
day 12, but it was higher than that on day 7 (Figure 3D; Figure S3).

Previous study suggested that intestinal epithelial cells are the main
source of fecal miRNA.11 We next treated Caco-2 cells with 2%
DSS (w/v) to determine the changes in miRNA levels. The results
showed that DSS enhanced the secretion of inflammatory cytokines
from Caco-2 cells, as concentrations of TNF-a, IL-6, and IL-8 in
the culture medium were significantly increased (Figure S4A). This
suggested that DSS induced inflammatory responses in intestinal
epithelial cells. Moreover, we found that miR-142a-3p was upregu-
lated, while the expression of miR-223-5p, miR-142b, and miR-
146b-5p was not significantly altered, in DSS-treated Caco-2 cells
(Figure S4B). We selectively transfected miR-142a-3p agomir and an-
tagomir in Caco-2 cells. The results showed that agomir upregulated
miR-142a-3p, while antagomir downregulated miR-142a-3p (Fig-
ure S4C). Thus, epithelial cells might account for the change in
miR-142a-3p level in feces.

Oral administration of miR-142a-3p alleviates DSS-induced

colitis in a microbiome-dependent manner

To investigate whether miR-142a-3p, miR-223-5p, miR-142b, and
miR-146b-5p affect DSS-induced colitis, we synthesized these four
miRNAs and individually gavaged mice with these miRNAs for 7
consecutive days. We first performed a dose-response experiment
(0, 200, 400, and 800 pmol) with miR-142a-3p to determine the
optimal dose. The results showed that 400 and 800 pmol miR-
142a-3p exhibited the same beneficial effects on body weight change
and DAI in mice treated with DSS, but the 200-pmol dose did not
have any effect (Figures 4A and 4B). Then, we found that miR-223-
5p, miR-142b, and miR-146b-5p (400 pmol and 1,000 pmol) and
their associated scramble molecules had no effect on body weight
change and DAI in mice treated with DSS (Figure S5).

We observed that the level of miR-142a-3p was significantly increased
in the colon contents after 4 h of oral gavage (Figure 4C), suggesting
that miR-142a-3p could reach the colon. Furthermore, we found that
the level of fecal miR-142a-3p in mice on day 5 and day 7 during
miRNA administration was higher than that in the control mice (Fig-
ure S6), confirming the effect of miR-142a-3p on the alleviation of
colitis. Previous study has demonstrated that miRNA could shape in-
testinal microbiota.11 To explore whether miR-142a-3p engendered a
protective phenotype, we gavaged the mice with miR-142a-3p for 7
consecutive days, and subsequently fresh feces were obtained and
transferred to animals pretreated with antibiotics (Figure 4D). The re-
sults showed that microbiome transferred from miR-142a-3p-treated
mice prevented the DSS-induced changes in body weight and DAI
(Figures 4E and 4F). To further explore whether miR-142a-3p allevi-
ated DSS-induced colitis in a microbiome-dependent manner, we
administered antibiotics along with miR-142a-3p (Figure 4G). The
results showed that the beneficial effects of miR-142a-3p on body
weight and DAI were abrogated by antibiotics (Figures 4H and 4I).

Additionally, the mice were intravenously administered miR-142a-3p
agomir via the tail vein injection before DSS treatment; we found that
miR-142a-3p agomir increased miR-142a-3p expression in the feces
and exhibited protective effects against DSS-induced colitis, while
miR-142a-3p agomir did not exhibit any protective effects when the
mice were pretreated with antibiotics (Figure S7). We also transfected
Caco-2 cells with miR-142a-3p agomir and found that the expression
of miR-142a-3p was significantly increased, while no inhibitory ef-
fects were observed on DSS-induced secretion of inflammatory cyto-
kines (Figure S8). These results further indicated that miR-142a-3p by
itself did not have any protective effects on DSS-induced colitis, and it
may exert its effects in a microbiome-dependent manner.
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Figure 3. Identification of differentially expressed fecal miRNA during DSS-induced colitis and the recovery phase

(A–G) RNA was isolated from feces collected from well-recovered mice on days 0, 5, and 12 of the treatment regimen and analyzed by small RNA sequencing. (A) Differentially

expressedmiRNAs in feces collected on day 12 compared to those of on day 0. (B) Differentially expressedmiRNAs in feces collected on day 12 compared to those of on day 5.

(C) Differentially expressed miRNAs in feces collected on day 12 when compared to those of either day 0 or day 5. Relative expression of miR-142a-3p (D), miR-142b (E), miR-

146b-5p (F), andmiR-223-5p (G) were verified by qPCRwhen normalized bymiR-10a-5p. Data were analyzed with one-way ANOVA. Values are mean ± SEM, n = 6. *p < 0.05.
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miR-142a-3p alleviates DSS-induced colitis by promoting the

growth of L. reuteri

Previous studies have demonstrated that fecal miRNA could regulate
gene transcription and growth of bacteria.11,12 Our above-mentioned
results suggested that the relative abundance of L. reuteri and
L. johnsonii in feces of mice recovered from DSS-induced colitis
was significantly increased, and an increase in the expression of
392 Molecular Therapy Vol. 30 No 1 January 2022
miR-142a-3p was observed. We first detected whether miR-142a-3p
could promote the growth of these two microbes. We cultured
L. reuteri or L. johnsonii with miR-142a-3p mimics and found that
miR-142a-3p mimics promote the growth of L. reuteri (Figure 5A),
while they did not have any effect on the growth of L. johnsonii (Fig-
ure S9). To explore howmiR-142a-3p regulates L. reuteri, we BLAST-
searched the seed sequence of miR-142a-3p against the whole genome



Figure 4. Oral administration of miR-142a-3p alleviates DSS-induced colitis in a microbiome-dependent way

(A–C) The effects of oral administration of miR-142a-3p on DSS-induced colitis. (A) Body weight change. (B) Disease activity index. (C) Relative abundance of miR-142a-3p in

colon contents after oral administration. (D) Schematic design of fecal microbiota transplantation. (E and F) The effects of the transfer of feces frommiR-142a-3p-treatedmice

on colitis. (E) Body weight change. (F) Disease activity index. (G) Schematic design. (H and I) The effects of miR-142a-3p on colitis in antibiotics pretreated mice. (H) Body

weight change. (I) Disease activity index. Data were analyzed with one-way ANOVA. Values are mean ± SEM, n = 6. *p < 0.05.
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sequence of L. reuteri. We found that two genes (locus tag
LREU_RS06530 [polA] and locus tag LREU_RS03575) were potential
targets of miR-142a-3p (Figure 5B). These two genes encode DNA
polymerase I and primase, respectively. As expected, the relative
expression of these two genes (polA and locus tag LREU_RS03575)
was significantly higher when L. reuteri was incubated with miR-
142a-3p mimics (Figure 5C).

We investigated whether oral administration of miR-142a-3p affected
the composition of the intestinal microbiota. PCoA based on
weighted UniFrac distance suggested that the overall microbial struc-
ture in DSS-treatedmice was clustered away from that in control mice
and miR-142a-3p-treated mice (Figure 5D). Importantly, the relative
abundance of L. reuteri was significantly higher in miR-142a-3p-
treatedmice than that in the other two groups (Figure 5E).We further
confirmed the change in the abundance of L. reuteri via fecal microbe
quantification using qPCR (Figure 5F). Notably, the concentration of
reuterin, which is produced by L. reuteri, was also increased in the
feces of miR-142a-3p-treated mice (Figure 5G). Previous studies
have reported that L. reuteri could alleviate DSS-induced colitis.15,16
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Figure 5. miR-142a-3p alleviates DSS-induced colitis by promoting the growth of L. reuteri

(A) L. reuteri was grown in culture media with 0.5 mMmiR-142a-3p mimics and scramble. Growth was monitored as absorbance at 600 nm every 2 h (n = 3). (B) Schematic

diagram of the putative binding sites of the seed sequence of miR-142a-3p in the two genes (LREU_RS06530 and LREU_RS03575) of L. reuteri. (C) Relative expression of the

two genes of L. reuteri incubated with miR-142a-3p mimics (n = 3). (D–G) The effects of miR-142a-3p on microbiota composition in DSS-treated mice (n = 3–4). (D) Principal

coordinates analysis (PCoA) based on weighted UniFrac distance. (E) Relative abundance of bacteria classified at a species-level taxonomy. (F) Relative abundance of

L. reuteri determined by qRT-PCR. (G) Quantification of reuterin in feces by HPLC. (H and I) The effects of oral administration of L. reuteri (1� 1011 colony-forming units [CFU]/

mL) on DSS-induced colitis (n = 6). (H) Body weight change. (I) Disease activity index. Data were analyzed with one-way ANOVA. Values are mean ± SEM. *p < 0.05.
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We further confirmed this effect of L. reuteri, as oral treatment of
mice with L. reuteri for 7 consecutive days alleviated DSS-induced
body weight loss and increase in the DAI (Figures 5H and 5I).

Reuterin alleviates DSS-induced colitis by activating the AMPK

pathway

Reuterin is a potential antimicrobial and anti-inflammatory com-
pound. To explore whether reuterin could alleviate DSS-induced co-
394 Molecular Therapy Vol. 30 No 1 January 2022
litis, we obtained reuterin produced by bacterial cultures and then
orally administrated reuterin to the mice for 7 consecutive days.
We found that reuterin-pretreated mice had unaltered body weight
and a lower DAI upon treatment with DSS for 5 days (Figures 6A
and 6B). We found that myeloperoxidase (MPO), eosinophil peroxi-
dase (EPO), and TNF-a concentrations were significantly decreased
upon pre-treatment of DSS-treated mice with reuterin (Figures
6C–6E), suggesting that reuterin alleviated DSS-induced colonic



Figure 6. Reuterin alleviates DSS-induced colitis via activating the AMPK pathway

(A–G) The effects of reuterin on DSS-induced colitis in mice (n = 3 for protein qualification and n = 6 for other data). (A) Body weight change. (B) Disease activity index. (C)

Myeloperoxidase (MPO) concentration in colon. (D) Eosinophil peroxidase (EPO) concentration in colon. (E) TNF-a concentration in colon. (F) Representative colonic

morphology. (G) Relative gene expression of inflammatory cytokines in colonic tissue. (H) Protein qualification by theWes Simple Western System. (I–L) The effects of reuterin

on DSS-treated Caco-2 cells (n = 3). (I) Concentration of inflammatory cytokines in culture medium. (J) Protein qualification using the Wes Simple Western System.

(K) Reactive oxygen species (ROS) stained with MitoSOX reagent (red, reactive oxygen species; blue, nucleus). (L) Relative fluorescence intensity calculated according to the

results of (J). Data were analyzed with one-way ANOVA. Values are mean ± SEM. *p < 0.05.
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infiltration and inflammation. In addition, the mucous layer in the
distal colon tissue did not exhibit marked edema in reuterin-
pretreated mice (Figure 6F). Moreover, we found that reuterin
pre-treatment inhibited the expression of inflammatory cytokines
(Figure 6G), increased phosphorylated AMPK expression, and
decreased phosphorylated NF-kB expression in the colonic tissue
(Figure 6H), suggesting that reuterin may inhibit the inflammatory
response through the AMPK-NF-kB pathway.

To further confirm this, we treated Caco-2 cells with BML-275, an in-
hibitor of AMPK. We found that upon pharmacological inhibition of
AMPK, reuterin did not inhibit the DSS-induced section of inflam-
matory cytokines (IL-8, IL-6, and TNF-a) and expression of
phosphorylated NF-kB in Caco-2 cells (Figures 6I and 6J). Further,
our results showed that AMPK inhibition abrogated the inhibitory
effects of reuterin on the over-production of reactive oxygen species
(ROS) (Figures 6K and 6L).

DISCUSSION
DSS-induced colitis is one of the most widely characterized experi-
mental models of ulcerative colitis.17 It is commonly accepted that
DSS significantly impacts the composition of the intestinal micro-
biota.18 Germ-free mice are more susceptible to DSS-induced coli-
tis,19 suggesting that the microbiota plays a critical role during the
self-preventive and self-healing processes in mice exposed to DSS.
A previous study showed that the microbial composition in mice after
recovering from DSS-induced colitis for 9 days began to resemble the
microbial community in healthy mice.20 However, the recovering
Molecular Therapy Vol. 30 No 1 January 2022 395
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mice did not recover the original microbial community structure even
after 20 days. These studies involved the collection of the luminal
contents in the cecum and colon for the analysis of the microbial
composition, a process that required the mice to be euthanized at
each sampling point. Here, we collected the feces at the three different
phases: before inflammation, the acute inflammatory phase, and the
recovery phase. In this way, we could observe DSS-induced changes
in the composition of microbiota during the recovery phase in the
same mice. In line with a previous study,20 we found that the overall
microbial structure of mice with acute inflammation was different
from that of healthy mice, who share similarities with mice that
had recovered from DSS-induced inflammation. However, differ-
ences in changes at different levels of taxonomy were observed be-
tween our results and those of a previous study,20 as DSS triggered
different alterations in the composition of the microbiota in the feces
and colon.18 Notably, we found that the abundance of L. reuteri and
L. johnsonii was increased in the recovery phase, indicating that these
two species may play an important role in the recovery of mice from
DSS-induced colitis.

The microbiome is involved in the development of disease and during
the recovery phase. Diet has been shown to modulate the function of
the gut microbiome; however, there is an urgent need to explore
methods that specifically modulate the microbiome. Fecal microbiota
transplantation has been demonstrated to be effective at treating
several diseases, while the targets during the intervention cannot be
well defined.21 Recently, miRNAs were shown to exist in human
and animal feces, and these molecules are well characterized.11

Importantly, miRNAs could enter the bacteria, although with
differing efficacy based on the miRNA molecules.11 Previous studies
have provided sufficient data to show that miRNAs can modulate
bacterial gene expression through base pairing with specific bacterial
genes and then modulate bacterial growth and metabolites.11,12,14 We
found that miR-142a-3p promoted the growth of L. reuteri by target-
ing two genes involved in DNA replication. These results further
suggested that miRNA could serve as a promising approach to
specifically manipulate the microbiome. However, whether the two
genes (polA and locus tag LREU_RS03575) are indispensable for
the promoted growth of L. reuteri by miR-142a-3p needs further
investigation.

A recent study found that miRNAs were differentially expressed in
the feces of healthy mice and the experimental autoimmune
encephalomyelitis mouse model of multiple sclerosis.12 Impor-
tantly, the authors found that miR-30d, a highly expressed miRNA
in the feces of diseased subjects, had therapeutic properties. In our
study, we found that the levels of several miRNAs were signifi-
cantly increased in the feces of mice recovered from DSS-induced
colitis. Specifically, among these miRNAs, miR-142a-3p could alle-
viate DSS-induced colitis in a microbiome-dependent manner.
These results increase our knowledge for modulating the micro-
biome and indicate that the feces of subjects recovered from
diseases might be enriched with miRNAs exhibiting preventive
effects against the disease.
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L. reuteri is widely considered to be a probiotic microbe that exerts
beneficial effects in the intestinal tract. Several studies have reported
that L. reuteri could be used as a supplement for the prevention of ul-
cerative colitis.15,16,22 These studies suggest that L. reuteri alleviated
DSS-induced colitis by decreasing the inflammatory response and
leukocyte- and platelet-endothelial cell interactions and increasing
P-selectin expression. However, whether L. reuteri exerts such effects
through its metabolites was not well explored. We found that the
increased abundance of L. reuteri, which was affected by miR-142a-
3p, was associated with increased production of reuterin, which is a
broad-spectrum antimicrobial and anti-inflammatory compound.23

Interestingly, reuterin itself could alleviate DSS-induced body weight
loss and decrease the DAI. Moreover, reuterin decreased the expres-
sion of inflammatory cytokines through the AMPK-NF-kB signaling
pathway, although the interactions between reuterin and AMPK need
further investigation.

In conclusion, we unexpectedly found that the feces collected from
animals well-recovered from colitis could alleviate the disease. We
further identified that the expression of miRNAs and microbiome
composition were differentially influenced in the feces of diseased
and well-recovered subjects. Notably, we identified a highly expressed
miRNA in recovered subjects that could alleviate colitis by promoting
the growth of a specific bacterium and the production of its associated
metabolite, further influencing the expression of inflammatory genes
in intestinal epithelial cells. The results presented here provide in-
sights into miRNAs enriched in the feces of animals recovered from
disease; this might exhibit preventive effects against the disease.

MATERIALS AND METHODS
Animal experiments

Animal procedures were approved by the Protocol Management and
Review Committee of the Institute of Subtropical Agriculture, Chi-
nese Academy of Sciences on Animals. Eight-week-old C57BL/6
mice were purchased from Slac Laboratory Animal Central (Chang-
sha, China) and acclimated in plastic cages under standard conditions
for 1 week before experiments. All mice used were of the same sex
(male) and age (9 weeks), and they were randomly assigned into treat-
ment groups.

DSS-induced colitis

Mice were exposed to 2.5% DSS (molecular weight [MW], 36,000–
50,000; MP Biomedicals, Shanghai, China) prepared in autoclaved
drinking water for 5 days, after which they were provided DSS-free
drinking water. Colitis development was monitored daily by deter-
mining the change in body weight and DAI using a standard scoring
system (Table S1).24

Fecal microbiota profiling

Fecal DNA was extracted and isolated using the QIAampDNA
stoolMiniKit (QIAGEN, Shanghai, China). Bacterial 16S rDNA
gene sequences (V3–V4 region) were amplified using specific primers
341F: 50-CCTAYGGGRBGCASCAG-30 and 806R: 50-GGACTACN
NGGGTATCTAAT-30. PCR reactions were performed in 50 mL
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mixture consisting of 12.5 mL of Phusion High-Fidelity PCR Master
Mix (New England BioLabs), 1 mL of each primer, 50 ng of template
DNA, and PCR-grade water. Amplicons purified using QIAGEN Gel
Extraction Kit (QIAGEN) were sequenced using the Illumina
HiSeq2500 platform. Quality filtering and analysis were performed
using USEARCH, while adhering to the QIIME quality-controlled
process based on 97% sequence similarity (Novogene, Beijing,
China).25

Fecal RNA isolation

Total RNAwas extracted from fecal samples using a miRNA isolation
kit with phenol (Invitrogen, Shanghai, China), as previously
described.11 Briefly, feces were homogenized in PBS for extraction
of RNA using acid-phenol:chloroform. Subsequently, the samples
were mixed with 1.25 volumes of 100% ethanol for aqueous phase
precipitation, followed by RNA purification.

Fecal transplantation and fecal RNA transplantation

First, freshly collected feces (5 mg) from donor mice were diluted and
suspended in 200 mL nuclease-free water and orally gavaged into
recipient mice once daily for 7 days prior to DSS treatment. Second,
fecal samples were heated at 80�C for 60 min to kill bacteria while re-
taining miRNA before gavage. Finally, RNA isolated (10 mg) from
feces was eluted in 200 mL nuclease-free water and orally gavaged
into recipient mice once daily for 7 days prior to DSS treatment.

Small RNA sequencing

Three micrograms of total RNA per sample was used as input for the
small RNA library. Sequencing libraries were generated using
NEBNext Multiplex Small RNA Library Prep Set for Illumina (NEB,
Ipswich, MA, USA). Following PCR amplification using LongAmp
Taq 2� Master Mix, DNA fragments corresponding to 140‒160 bp
were purified, and library quality was assessed on an Agilent Bio-
analyzer 2100 system. After cluster generation, the library preparations
were sequenced on an Illumina HiSeq 2500 platform, and 50-bp-long
single-end reads were generated. The small RNA tags were mapped to
the reference sequence using Bowtie26 without mismatch to analyze
their expression and distribution in the reference sequence.

miRNA measurement by qPCR

Fecal RNA (200 ng) was used for miRNA cDNA synthesis by using a
miRNA cDNA Synthesis kit (Thermo Fisher). Real-time PCR was
performed to quantify miRNA cDNAs using Fast Master Mix and
Advanced miRNA Assays (Thermo Fisher, Shanghai, China) on
Roche LightCycler 480 II (Indianapolis, IN, USA), according to the
manufacturer’s protocol. Primers used for quantification of miRNA
expression are listed in Table S2. As no reference gene has been estab-
lished for quantifying fecal miRNA using qPCR, we usedmiR-10a-5p,
which is present in the feces at a high level, and no difference in the
expression of miR-10a-5p was observed betweenmice exposed to DSS
for 5 days and those well-recovered mice on day 12, according to
small RNA-seq data. Thus, miR-10a-5p was used as a reference to
measure the relative abundance of miR-142a-3p, miR-142b, miR-
146b-5p, and miR-223-5p.
miRNA treatment

miRNA mimics of miR-142a-3p, miR-142b, miR-146b-5p, miR-223-
5p, and related scramble miRNA were purchased from Sangon
Biotech (Shanghai, China); their sequences are described in Table
S3. The mice were administered doses of 200, 400, 800, and 1,000
pmol miRNA mimics and related scramble miRNA by oral gavage
for 7 consecutive days. Then, they were further administered 2.5%
DSS in drinking water for 5 days.

Quantification of fecal microbes by qPCR

DNA was extracted from fecal pellets using a QIAamp Fast DNA
Stool Mini Kit (QIAGEN), and the operational taxonomic units
(OUTs) were quantified using qPCR; the reaction mixture contained
primer pairs, genomic DNA, and TaqManUniversal PCRMaster Mix
(Applied Biosystems, Shanghai, China). Primer sequences are shown
in Table S4.

Bacterial gene transcript quantification

Total bacterial RNA was extracted using TRIzol (Invitrogen). RNA
was reverse-transcribed into cDNA using a cDNA Reverse Transcrip-
tion Kit (Applied Biosystems). For the qPCR, the reaction contained
primer pairs, cDNA, and Universal PCR Master Mix (Applied Bio-
systems). Primer sequences are shown in Table S4.

Antibiotic treatment

The mice were orally gavaged with a mixture of antibiotics (metroni-
dazole 1 mg/mL, ampicillin 1 mg/mL, vancomycin 0.5 mg/mL,
neomycin 1 mg/mL, and streptomycin 1 mg/mL) in 200 mL
nuclease-free water for 7 consecutive days to deplete the gut
bacteria.27

miRNA target prediction

The seed sequence of miR-142a-3p (gtagtgt) was BLAST-searched
against the Lactobacillus reuteri genome for sequence pairing using
the NCBI blast tool.

In vitro growth measurements of L. reuteri

L. reuteri (ATCC 23272) and L. johnsonii (ATCC 33200) were
cultured in Man, Rogosa, and Sharpe medium (MRS) supplemented
with miRNA mimics and scramble miRNAs at 37�C and then moni-
tored by measuring absorbance at 600 nm (OD600).

Reuterin production

Reuterin was produced using bacterial cultures as previously
described.28 Briefly, L. reuteri was grown overnight at 37�C in
10 mL MRS broth with 20 mM glycerol. Then, cells were harvested
and re-suspended in sterile 600 mM glycerol. Conversion of glycerol
to reuterin was conducted at 25�C for 3 h.

Quantification of reuterin by HPLC and absorbance

spectrophotometry

Reuterin was chromatographically separated as previously
described.29 In this method, the conversion of glycerol to reuterin
proceeds at a ratio of 1:1, and reuterin level was assayed by subtracting
Molecular Therapy Vol. 30 No 1 January 2022 397
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the remaining amount of glycerol from its concentration in
the starting solution. Reuterin samples were analyzed colorimetri-
cally, and the accuracy of colorimetric results was confirmed by
high-performance liquid chromatography (HPLC), as described
previously.29

In vivo and in vitro experiments with reuterin

The mice were orally gavaged with 1.5 mg/d reuterin for 7 consec-
utive days. Then, they were further administered 2.5% DSS in drink-
ing water for 5 days. For in vitro experiments, Caco-2 cells were
incubated with 10 mM reuterin for 16 h and then treated with 2%
DSS for 24 h. Additionally, Caco-2 cells were incubated with
10 mM BML-275 (Selleck, Shanghai, China) for 24 h for the inhibi-
tion of AMPK.

Intestinal morphology

Colon samples were fixed with 4% formaldehyde, embedded in
paraffin, and then sections were stained with hematoxylin and eosin
to observe morphological changes.30

Determination of gene expression by quantitative real-time PCR

Total RNA was isolated from the colonic tissue using TRIzol
(Invitrogen). cDNA was synthesized using the PrimeScript RT re-
agent kit (Takara, Dalian, China). Quantitative real-time PCR was
performed using SYBR Green qPCR Master Mix (Takara), as
previously described.31 The primer sequences are presented in
Table S5.

Protein qualification using Wes Simple Western System

Protein was quantified by using the Wes Simple Western System
(ProteinSimple) with automated capillary gel electrophoresis, as pre-
viously described.32 Primary antibodies used included antibodies
against AMPK, pAMPK, NF-kB, and pNF-kB (Abcam, Cambridge,
MA, USA). Results were obtained using the “gel view” function of
the Protein Simple software (ProteinSimple).

Measuring the levels of EPO, MPO, and inflammatory cytokines

The levels of EPO, MPO, and inflammatory cytokines (TNF-a, IL-6,
and IL-8) were determined using commercial assay kits obtained
from Beyotime Biotechnology (Shanghai, China) according to the
manufacturer’s instructions.

Determination of reactive oxygen species

Reactive oxygen species in mitochondria were determined as
previously described.33 Briefly, Caco-2 cells were treated with 5 mM
MitoSOX reagent (Invitrogen) for 10 min at 37�C in the dark.
Then, cells were observed using a Zeiss LSM880 confocal microscope
(Shanghai, China) following treatment with an anti-fluorescence
quenching agent.

Statistical analysis

Significance between treatments was analyzed using a t test or one-
way ANOVA followed by Student-Newman-Keuls post hoc test, us-
398 Molecular Therapy Vol. 30 No 1 January 2022
ing the data statistics software SPSS 18.0. All data are expressed as
the mean ± SEM. p value < 0.05 was considered significant.

Availability of data

The 16S rDNA gene sequence data have been deposited in the
NCBI BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/)
under accession numbers PRJNA693887 and PRJNA693962.
Small RNA sequencing data have been deposited in the NCBI GEO
database (https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE165648.
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